Recent research has shown that nectar properties of flowers pollinated by generalist avian nectarivores differ markedly from those of flowers pollinated by specialist avian nectarivores. In particular, flowers pollinated by generalist avian nectarivores tend to have very dilute nectar dominated by hexose sugars. To establish whether pollinator-mediated selection can explain these traits, we tested nectar sugar preferences and digestive capabilities of the village weaver (Ploceus cucullatus), a common generalist passerine nectarivore in South Africa. When offered pairwise choices of equicaloric hexose and sucrose solutions, village weavers preferred hexose solutions at 5% and 10% sucrose equivalents (SE) but did not show significant preference for either type of sugar when higher concentrations were offered (15%, 20% and 25% SE). Birds were less efficient at absorbing sucrose than hexose sugars, as revealed by high-performance liquid chromatography (HPLC) analysis of excreta sugar content. This was true at both concentrations tested (8.22% and 25%), although apparent sucrose assimilation rates were still relatively high (89.6±2.9% at low concentrations and 93.6±1.7% at high concentrations). Transit times indicated that sucrose also passes through the digestive tract faster than hexose sugars, particularly when consumed at high concentrations. This may limit the rate at which sucrose can be hydrolyzed before absorption. These results indicate that hexose preferences in generalist avian nectarivores may help explain the low sucrose content in flowers pollinated by these birds. Moreover, the preference for hexose sugars in weavers was most evident at the low concentrations (ca. 9% sugar by mass) that are typical of nectar in flowers pollinated by generalist avian nectarivores.
INTRODUCTION
Earlier literature on bird pollination systems emphasized a dichotomy in nectar properties between hummingbird (Apodiformes: Trochilidae) and passerine (Passeriformes) systems (Cruden and Toledo, 1977; Baker and Baker, 1983) . More specifically, hummingbird-pollinated plants were shown to have sucrose-rich nectar, while passerine-pollinated plants were found to have hexoserich nectars (Baker and Baker, 1983) . Initial research into sugar preferences of these two groups of birds found that hummingbirds preferred sucrose solutions (Stiles, 1976; Hainsworth and Wolf, 1976; Martínez del Rio, 1990; Martínez del Rio et al., 1992) and passerines preferred hexose solutions, and indeed in several cases passerines were shown to be sucrose intolerant (Martínez del Rio et al., 1988; Martínez del Rio et al., 1992; Martínez del Rio and Stevens, 1989; Martínez del Rio, 1990; Brugger and Nelms, 1991; Brugger et al., 1993) .
However, recent research has shown that not only are nectar properties in flowers pollinated by specialized passerines strongly convergent with those of hummingbird-pollinated flowers (Johnson and Nicolson, 2008) but that they too show preferences for sucroserich solutions (Downs and Perrin, 1996; Lotz and Nicolson, 1996; Jackson et al., 1998a; Jackson et al., 1998b) . By contrast, plants pollinated by generalist avian nectarivores [also referred to as 'occasional nectarivores' because they often utilize nectar only as a secondary food source (cf. Johnson et al., 2006) ] tend to produce a higher volume of nectar, with a lower sugar concentration and a lower proportion of sucrose, than do plants pollinated by specialist avian nectarivores (Johnson and Nicolson, 2008; Brown et al., 2009; Symes et al., 2009) . Specifically, Johnson and Nicolson found that plants pollinated by specialist nectarivores are characterized by low (10-30l) volumes of relatively concentrated (15-25% w/w) sucrose-rich (40-60% of total sugar) nectars while plants pollinated by occasional bird pollinators are characterized by large volumes (40-100l) of very dilute (8-12%) nectar, with low (0-5%) sucrose content (Johnson and Nicolson, 2008) . In the Americas, this distinction fits the classic hummingbird-passerine dichotomy (Cruden and Toledo, 1977) . However, in Africa, where hummingbirds do not occur, this dichotomy applies to passerinepollinated plants, raising the interesting possibility that generalized and specialized passerine nectarivores differ in their nectar preferences.
It has long been suggested that pollinator preference drives selection on nectar rewards (Wykes, 1952; Martínez del Rio et al., 1992) , and hence preference experiments have been conducted quite extensively on specialist nectarivorous birds (Downs and Perrin, 1996; Lotz and Nicolson, 1996; Roberts, 1996; Downs, 1997a; Jackson et al., 1998a; Jackson et al., 1998b; Schondube and Martínez del Rio, 2003; Fleming et al., 2004; Lotz and Schondube, 2006) . These studies indicate that specialized passerines such as sunbirds have sugar preferences and digestive capacities that are similar to those of hummingbirds (Fleming et al., 2004; Lotz and Schondube, 2006) . Most specialized avian nectarivores exhibit either a preference for sucrose, or no preference at high concentrations, no preference at intermediate concentrations, and switch to a hexose preference at low concentrations (Fleming et al., 2004; Fleming et al., 2008; Brown et al., 2010a) . However, these switches to hexose preference generally occur at very low concentrations (<10%) that are not found naturally in flowers pollinated by these birds, and may therefore not be biologically relevant to selection on nectar traits (Brown et al., 2010a) .
Primary causes of the concentration-dependent preferences in specialists are suggested by authors to be elements of digestive physiology, specifically: (1) accommodation of high osmotic concentrations when birds consume concentrated hexose; and (2) sucrose hydrolysis rate limitations when large volumes of dilute solutions are consumed (Martínez del Rio et al., 2001; Fleming et al., 2004; Lotz and Schondube, 2006) .
Sugar preference experiments have been conducted on a number of generalist avian nectarivores species. These can be divided into those concerned only with members of the Muscicapoidea superfamily, lacking sucrase activity (Schuler, 1983; Martínez del Rio and Stevens, 1989; Brugger, 1992; Malcarney et al., 1994; Gatica et al., 2006) , and those concerned with other species Franke et al., 1997; Lane, 1997; Mata and Bosque, 2004; Brown et al., 2010b) . From the latter group, it is evident that generalist avian nectarivores, although they possess some ability to digest sucrose, prefer hexose sugars. However, apart from recent work on bulbuls by Brown et al. (Brown et al., 2010b) , only comparisons at single concentrations have been reported, and these concentrations have not been representative of the very dilute nectar found in flowers pollinated by these birds. Also, test solutions in earlier studies were not equicaloric; thus, conflating tests of sugar preference with an energy difference between test solutions (Brown et al., 2008) .
The avoidance of sucrose, particularly by members of the Muscicapoidea superfamily, has been shown to be the consequence of a limited activity (Martínez del Rio et al., 1988; or a complete lack (Martínez del Rio and Stevens, 1989) of the digestive enzyme sucrase, necessary for the hydrolysis and subsequent assimilation of this sugar. If such a physiological constraint was a general trend among occasional nectarivores, then hexose preference would be expected. Because specialist nectarivore preferences do not adequately explain the low proportion of sucrose and dilute nature of some nectars (Fleming et al., 2004; Brown et al., 2010a) , it has been suggested that preferences of occasional nectarivores may be a contributing factor to selection for nectar sugars (Dupont et al., 2004; Fleming et al., 2004; Brown et al., 2010b) . Johnson and Nicolson propose that a better understanding of foraging preferences and digestive abilities of occasional nectarivores is important to explain why nectars of generalist birdpollinated plants are hexose rich (Johnson and Nicolson, 2008) .
The aim of this study was to establish whether pollinator-mediated selection can explain the dominance of hexose sugars in the dilute nectar of plants pollinated by generalist avian nectarivores. The village weaver Ploceus cucullatus Müller was studied, as this species and several other closely related weavers are important pollinators of plants with flowers adapted to short-billed generalist avian nectarivores (Oatley and Skead, 1972; Daniels, 1987; Botes et al., 2008; Symes et al., 2008; Brown et al., 2009) . Village weavers are predominantly granivores but feed on nectar opportunistically throughout of the year. It was predicted that this generalist nectarivore would have a preference for hexose sugars, and that this preference would be more pronounced when it was offered dilute solutions that approximate the concentration of nectar in flowers pollinated by this bird. Because sugar preference may be determined by digestive efficiency, apparent absorption efficiencies and transit times of nectar sugars were also determined. It was predicted that hexose sugars would pass through the digestive tract more slowly and, hence, together with possible limitations of sucrase activity, be absorbed more efficiently.
MATERIALS AND METHODS Capture and maintenance of village weavers
Ten non-breeding adult village weavers were captured using mistnets (May 2007) at Hilton College, outside Pietermaritzburg, South Africa (29°36ЈS 30°26ЈE), under license from the local conservation authority Ezemvelo KwaZulu-Natal Wildlife. The birds were held in outdoor aviaries (4.2mϫ2mϫ1m) at the University of KwaZuluNatal Animal House, Pietermaritzburg Campus for ca. three weeks before being moved indoors for the trials. They were fed a maintenance diet of mixed bird seed (Panicum miliaceum and Panicum maximum), mixed nectar ± 20% [1:1 sucrose and hexose (equal fructose and glucose) w/w], bonemeal (protein source) with water ad libitum. Bird mass (36.7±0.9g mean ± s.e.) was representative of the species in the capture area (38.0±0.1g; N1338) (M.B., unpublished data).
All birds were transferred to individual indoor (25°C with a 12h:12h L:D) experimental cages (90cmϫ30cmϫ45cm), and restricted to one half of the cage during experiments. No food or water was available to them overnight before a trial, so as to ensure a post-absorptive state. Each bird had at least two days on the maintenance diet and water between trials. Trials were conducted during June to July.
Sugar preference
Equicaloric sucrose and hexose (1:1 fructose and glucose) nectars were offered simultaneously to individual birds at five concentrations, 5%, 10%, 15%, 20% and 25% sucrose equivalents (SE). The low concentrations (5% and 10%) are similar to the mean concentration of nectar found in flowers pollinated by generalist avian nectarivores (reviewed by Johnson and Nicolson, 2008) . The higher concentrations (15-25%) are similar to the mean concentration of nectar in flowers pollinated by specialist avian nectarivores (reviewed by Johnson and Nicolson, 2008) .
Solutions were offered for 12h (06:00-18:00h) in a pairwise fashion from two 50ml glass burettes placed 6cm on either side of a central perch. The glass burettes were cut at the base and stopped with thick rubber rings that fitted tightly onto white plastic bird feeder bases. The fluids were thus presented to birds from identical cup-like structures with approximately 2cm 3 surface area each. Initial left and right positions were randomized for each bird and switched after 6h. On dilute diets some burettes required refilling, done from the same original nectar solution. Control burettes of each solution were placed in the experimental room to account for evaporation.
Birds were weighed to the nearest 0.5g before and after every trial. In order to account for inter-individual variation of body mass, volumes consumed were divided by the mass of each bird before analysis (mlg -1 ). Preference for sucrose was calculated as a proportion: (mlg -1 sucrose totalml -1 g -1 consumed) and then arcsine square-root transformed.
Apparent absorption efficiency
Apparent absorption efficiency of the two sugars was tested indirectly following a method similar to that used by Jackson et al. (Jackson et al., 1998b) . Each sugar solution was tested at the 8.22% SE and 25% SE concentrations (N10). The weavers were housed individually in wire-mesh-floored cages (40cmϫ40cmϫ40cm with mesh 2cmϫ1cmϫ1cm), placed over a tray containing a layer of liquid paraffin ±1.5cm deep. Each sugar solution was available to birds between 06:00-18:00h using the same glass burettes above. Excreta were collected at 06:00h the following morning.
Cloacal fluid was obtained from the liquid paraffin using a needled (1ml) syringe and weighed to the nearest 0.01g. Because cloacal fluid was extremely dilute (see below) with a density close to 1.0 and because direct measurements of cloacal fluid volume (to the nearest 0.01ml) were statistically indistinguishable from estimates based on mass (paired-samples t-test: d.f.9; t-1.14; P0.28), we used the latter. After thorough shaking, a 1.5ml sub-sample from each bird was extracted and centrifuged at 6088g for 3min. Excreta was filtered with a 0.45m syringe filter and centrifuged again. 200l of the supernatant was analyzed for sugar concentrations using a high-performance liquid chromatograph (HPLC, Shimadzu, Duisburg, Germany). Detection was by refractive index (RID -10A) with a Phenomenex column (Rezex RCM-Monosaccharide, Aschaffenburg, Germany, 200mmϫ780mmϫ8m). Isocratic separation was accomplished using ultrapure water as the mobile phase.
Apparent absorption efficiency (AE) was calculated as (Jackson et al., 1998a) :
where (sugar in ) was a function of molar concentration and volume of nectar consumed; and (sugar out ) was a function of excreta volume and concentration of sugar in the excreta (mgml -1 ). Squareroot transformed data was used to test the overall effects of sugar type and concentration on AE.
Transit times
Transit times were measured separately as the time taken from first ingestion of dyed nectar to the first appearance of dye in the excreta (Brown and Downs, 2003) . Threeml of red food coloring (Robertsons, Cape Town, South Africa) was added to 500ml of each of the same four nectar solutions. Birds were observed continuously until the appearance of dye in the excreta, at which time the trial was terminated. Eight birds were tested on each solution, on four different mornings, with maintenance diet being available for the remainder of the day.
Approval for this project was received from the Animal Ethics sub-committee of the University of KwaZulu-Natal. All birds were released at the capture site after the project was concluded.
RESULTS

Sugar preference
Village weavers showed significant preference for hexose sugars when offered solutions of 5% (one-sample t-test: t2. 408 (Fig.2) . Birds did not lose body mass during any of the trials (RMANOVA: F 4,36 15.95, P0.06).
Apparent absorption efficiencies
Apparent absorption efficiencies were affected by sugar type (RMANOVA: F 1,9 5.73, P0.040), so that efficiency was greater for hexose nectars than for sucrose nectars (Table1). Significant differences between hexose and sucrose sugars occurred at both low (paired-sample t-test: t1.99, P0.039) 
Transit times
Nectar sugar composition had a significant effect on transit time (RMANOVA: F 1,7 12.39, P0.010), with sucrose solutions passing through the digestive tract more quickly (Table1). Paired-sample t-tests showed differences at low [P (1-tailed)0.038] and high concentrations [P (1-tailed)0.014].
Nectar concentration also affected transit times (RMANOVA: F 1,7 5.68, P0.048), with lower concentrations passing through the digestive tract more quickly. Paired-sample t-tests revealed real differences between concentrations of sucrose [P (1-tailed)0.034] 
DISCUSSION
The results of this study are consistent with our prediction that village weavers have a preference for hexose over sucrose sugar when offered solutions as dilute as those found in plants adapted for pollination by these birds (Fig.1) . A preference for hexose sugars is consistent with most of the previous studies on occasional nectarivores, except that tests on most of these species were conducted with high or intermediate concentration solutions, and most did not use equicaloric solutions (Martínez del Malcarney et al., 1994; Franke et al., 1997; Lane, 1997) . At high concentrations (20% and 25% SE) village weavers showed no sugar preference (Fig.1) . At 15% [which is at the lower end of the range for nectar concentration in specialist-pollinated flowers (Johnson and Nicolson, 2008) , and at low concentrations of 5% and 10% [typical of plants pollinated by generalist avian nectarivores (Johnson and Nicolson, 2008) ], village weavers preferred hexose nectar solutions (Fig.1 ). This dependence of preference on concentration has been shown for specialist nectarvorous birds (Schondube and Martínez del Rio, 2003; Fleming et al., 2004; Fleming et al., 2008; Brown et al., 2010a) but has not been demonstrated previously for a generalist avian nectarivore.
Importantly, birds were able to maintain body mass on low concentrations, and met daily energy requirements, similar to darkcapped bulbuls (Brown et al., 2010b) . This contrasts with most specialist avian nectarivore species, which are unable to meet energy demands at very low concentrations (Nicolson and Fleming, 2003; Fleming et al., 2004; Fleming et al., 2008; Brown et al., 2010a) . This could be a result of relatively slow transit times, allowing for better absorption at low concentrations.
Slow transit times do not, however, account for why village weavers did not maintain a hexose preference when offered high concentration nectars. In this case birds were probably able to extract sufficient resources from either solution, because of the readily available energy contained therein. This would reduce the limitation caused by possible non-optimal sucrase activity. In addition, sucrose preference at high concentrations in specialist nectarivores has been explained by osmotic pressure differences between the two sugars (Schondube and Martínez del Rio, 2003) . A high concentration of ingested hexose, consisting of many molecules, causes dehydration by osmotic water movement into the gut (Schondube and Martínez del Rio, 2003) . When no additional water is offered, as in this study, dehydration can be minimized by drinking sucrose solutions. When offered concentrated solutions, the lack of any particular preference by village weavers may indicate a balancing of the limitations of a sucrase deficiency and dehydration.
Physiological explanations for a hexose preference that have been suggested in the literature include sucrase deficiency (Brugger, 1992) , sucrose hydrolysis rate limitations because of short retentions times (Schondube and Martínez del Rio, 2003) and/or superficial taste (Lotz and Schondube, 2006) . At low concentrations any of these factors may be at work in village weavers.
Our results for sucrose absorption efficiency suggest that sucrose sugars were not hydrolyzed and assimilated as optimally as hexose sugars are assimilated (Table1). This difference was significant at both concentrations, although more pronounced for dilute nectars. Although the method of analyzing sucrose absorption is not a direct assessment of sucrase activity, sugarbirds, sunbirds and white-eyes have been shown to assimilate both hexose and sucrose with nearly 100% efficiency using the same methodology, or with alternative refractometer-based sugar analysis methods that tend to underestimate efficiency (Downs, 1997b; Lotz and Nicolson, 1996; Jackson et al., 1998b; Franke et al., 1997) . Compared with these species, village weavers do not effectively assimilate sucrose. However, unlike bird species that cannot assimilate sucrose at all (Muscicapoidea superfamily), and hence avoid sucrose solutions altogether (Gatica et al., 2006; Malcarney et al., 1994) , village weavers consumed relatively large volumes of sucrose solutions. Furthermore, even though these birds appear to be less effective at extracting energy from sucrose nectars, sufficient absorption was achieved on sucrose-only diets to enable birds to maintain body mass over 12h. This is consistent with the suggestion by Martínez del Rio et al. (Martínez del Rio et al., 1988 ) that birds that have primarily granivorous diets, containing complex carbohydrates, may have increased enzymatic activity, making them more tolerant of sucrose diets than insectivorous birds.
The second physiological explanation for hexose preference, sucrose hydrolysis rate limitation, is partly supported by transit times for village weavers. Faster transit times for sucrose, which were independent of volume intake (Table1), may limit the time available for the breakdown of this sugar.
The reason why nectars produced by plants pollinated by generalist birds tend to have a low proportion of sucrose has not previously been satisfactorily explained (Johnson and Nicolson, 2008) . It seems likely that differences in nectar properties between plants pollinated by specialist avian nectarivores and those pollinated by generalist ones are due to differences in selection imposed by these two groups of birds but this is still poorly understood (Fleming et al., 2004) . The results reported here, along with those of Brown et al. (Brown et al., 2010b) , reveal that sugar preferences and digestive abilities of occasional nectarivores like village weavers and dark-capped bulbuls, when offered solutions of biologically realistic concentrations, could explain the evolution of the hexosedominated nectar in plants pollinated by these birds. Additional studies on generalized avian nectarivores would indicate whether this type of selective pressure is stable and widespread across a diversity of avian taxa.
An outstanding dilemma yet to be satisfactorily explained is the evolution of very dilute nectar in flowers pollinated by generalist T. C. Odendaal and others (Johnson and Nicolson, 2008) . Non-specialist nectarivorous birds have a range of resources from which to access energy. Thus, the use of nectar in their diet may be dependent on the availability of other resources (Franklin and Noske, 1999) . It has been hypothesized that preferences for concentrated nectar by these birds may become weak when such resources are not restricting or, alternatively, that nectars are used mainly as a water resource in the dry months (Oatley and Skead, 1972; Johnson and Nicolson, 2008; Symes et al., 2008) . Although the sugar preferences and digestive capacities presented here suggest pollinator-mediated selection for hexose sugars when nectar is dilute, experiments that untangle the relative importance of nectar for energy and water balance would contribute further to understanding the nectar properties of flowers pollinated by generalist birds.
